Mitochondrial ribosomes contain bacterial-type proteins reflecting their endosymbiotic heritage and a subset of these genes is retained within the mitochondrion in land plants. Variation in gene location is observed however, because migration to the nucleus is still an ongoing evolutionary process in plants. To gain insight into adaptation events related to successful gene transfer, we have compiled data for bacterial-origin mitochondrial-type ribosomal protein genes from the completely-sequenced Arabidopsis and rice genomes. Approximately 75% of such nuclearlocated genes encode amino-terminal extensions relative to their E. coli counterparts, and of that set, only about 30% have introns at (or near) the junction in support of an exon shuffling-type recruitment of upstream expression/targeting signals. We find that genes which were transferred to the nucleus early in eukaryotic evolution have on average about two-fold higher density of introns within the core ribosomal protein sequences than do those that moved to the nucleus more recently. About 20% of such introns are at positions identical to those in human orthologs, consistent with their ancestral presence. Plant mitochondrial-type ribosomal protein genes have dispersed chromosomal locations in the nucleus, and about 20% of them are present in multiple unlinked copies. This study provides new insights into the evolutionary history of endosymbiotic bacterial-type genes which have been transferred from the mitochondrion to the nucleus.
INTRODUCTION
Mitochondria have their own distinctive translation systems to direct the synthesis of proteins encoded by the organelle genome, and central to this process is the ribosome. It comprises two subunits (denoted as LSU and SSU) made up of ribosomal RNAs and proteins, and traces of its bacterial endosymbiotic ancestry are evident from sequence comparisons (reviewed in Lang and Gray 1999) . Proteomic analysis of mammalian mitoribosomes (Koc et al. 2001a (Koc et al. , 2001b has established the presence of 78 different proteins (49 LSU and 29 SSU), which include homologs for all but twelve of the 54 proteins in E. coli ribosomes (33 LSU and 21 SSU) (reviewed in O'Brien et al. 2005) . Little is known about the role of the 36 additional novel proteins acquired during eukaryotic evolution, although it has been suggested that some may have taken over certain ribosomal RNA functions because animal mitochondrial 16S LSU and 12S SSU rRNAs are much shorter than in bacteria (cf. 23S and 16S rRNAs). In contrast, plant mitochondrial rRNAs are quite long (26S/18S), but as yet the protein composition of mitoribosomes in plants has not been fully elucidated (reviewed in Bonen 2004) . It does appear however, that they too contain about 80 proteins based on early electrophoretic analysis of potato and broad bean mitochondrial ribosomes (Pinel et al. 1986; Maffrey et al. 1997) , and the number listed in plant mitochondrial proteomic databases continues to grow (cf. Arabidopsis mitochondrial protein database, Heazlewood and Millar 2005) .
During eukaryotic evolution, many of the bacterial-type genes, including ribosomal protein ones, have been transferred from the mitochondrion to the nucleus (reviewed in Lang et al. 1999; Timmis et al. 2004) . Indeed in animals, all ribosomal protein genes are nuclear-located, while in plants and certain protists, some are still in the mitochondrion and in certain cases have retained remnants of ancestral bacterial operon gene order (reviewed in Lang et al. 1999) . The mitochondrial genome of the protist Reclinomonas americana, which has been described as resembling a "eubacterial genome in miniature" (Lang et al. 1997 ) has 27 bacterial-type ribosomal protein genes, and in virtually all other eukaryotes examined to date, their mitochondrial-encoded ones are a subset of the Reclinomonas ones (Gray et al. 2004 ). Sixteen such ribosomal protein genes are present in the mitochondrion of the bryophyte, Marchantia polymorpha (Takemura et al. 1992 ) and in flowering plants, the mitochondrial-encoded subset drops to a maximum of 14, namely S1-S4, S7, S10-S14, S16, L2, L5, L16 (reviewed in Adams et al. 2002a; Adams and Palmer 2003) . Such comparisons have provided insight into the timing of ribosomal protein gene transfer events, and flowering plants are particularly interesting because functional gene transfer to the nucleus is still occurring (Adams et al. 2002a ). Plant mitochondrial genes (unlike those in yeast or animals) use the standard genetic code so that present-day transfer is not precluded. However because their coding regions typically undergo amino acid-altering RNA editing and some genes contain group II-type introns, successful transfer presumably involves processed RNA intermediates. The acquisition of appropriate gene expression signals and targeting information to guide the protein back into the mitochondrion has been documented to be achieved in various ways (reviewed in Adams and Palmer 2003; Timmis et al. 2004) , for example by recruiting duplicated copies of amino-terminal presequences from pre-existing mitochondrial-type nuclear genes (cf. S10, Adams et al. 2000) or hitch-hiking via alternative splicing when located within the intron of a "host" nuclear gene (cf. S14, Kubo et al. 1999; . After a transition stage when potentially functional copies co-exist in both the mitochondrion and the nucleus, one copy presumably becomes superfluous and is lost.
Indeed remnant ribosomal protein pseudogenes (or their complete absence) in various plant mitochondrial genomes have been correlated with recently re-located functional nuclear copies.
Interestingly, there is as yet just one characterized case of a ribosomal protein gene in a transition stage, namely L5 in wheat (Sandoval et al. 2004) . If a nuclear gene copy is not successfully established after a period of co-existence, the functional mitochondrial copy will be retained, as is the case for S19 in rice in contrast to other cereals where the nuclear copy has "won out" (Fallahi et al. 2005 ). Furthermore, ribosomal protein genes can have surprisingly complex evolutionary histories. For example, in some plant lineages (such as Arabidopsis) the L2 gene has been fractured into two segments, with one encoded in the nucleus and the other in the mitochondrion (Adams et al. 2001) , and there are intriguing cases of the recapture of alien S2 and S11 ribosomal protein genes after earlier loss from the mitochondrion (Bergthorsson et al. 2003) .
Although absence of an intact ribosomal protein gene from the mitochondrion is usually correlated with its movement to the nucleus, other possibilities include the protein no longer being needed in the ribosome or its function having been taken over by another protein. In plants, obvious candidates for the latter are chloroplast-type nuclear genes, and indeed the recruitment of a duplicated chloroplast-origin S13 homolog has been experimentally documented for Arabidopsis (Adams et al. 2002b; Mollier et al. 2002) . In contrast, there is still a native functional S13 gene copy in the rice mitochondrion (Notsu et al. 2002) . It should be noted that the chloroplast ribosome contains 58 proteins (33 LSU and 25 SSU) based on spinach proteomic analysis , of which only 22 are chloroplast-encoded. Six of the nuclear-encoded chloroplast ribosomal proteins have been categorized as "plastid-specific" (Yamaguchi and Subramanian 2003) and orthologs for bacterial L25 and L30 are absent. A second group of candidates for being recruited for a role in mitoribosomes are cytosol-type ribosomal proteins, and S8, a duplicated cytosol-origin homolog appears to have replaced the "native" mitochondrial counterpart (Adams et al. 2002b ). The timing of this event is placed early in land plant evolution because a bacterial-type gene is still present in Marchantia mitochondria but has not been observed in the mitochondria of flowering plants.
We are interested in evolutionary events which accompany successful transfer from the mitochondrion to the nucleus, in particular how gene structure may be influenced as the formerly-mitochondrial gene adapts to its new environment. To this end, we have compiled data for the bacterial-origin mitochondrial-type ribosomal protein genes from Arabidopsis thaliana (a eudicot) and Oryza sativa (rice, a monocot), which have been separated from a common ancestor for at least 150 million years. These plants were selected because complete sequence data are available for the mitochondrion (Unseld et al. 1997; Notsu et al. 2002) , chloroplast (Sato et al. 1999; Hiratsuka et al. 1989 ) and nucleus (AGI 2000; Yu et al. 2002; Goff et al. 2002) . In our analysis, we focus on a comparison between genes that were transferred to the nucleus early in eukaryotic evolution with those that migrated more recently.
MATERIALS AND METHODS
To identify potential plant mitochondrial ribosomal protein genes, tBLASTn searches were conducted using E. coli ribosomal protein sequences (Blattner et al. 1997) to query the Arabidopsis and rice nuclear genomes. This query set of 54 proteins did not include E. coli S22 (AAC74553), a stationary phase-induced ribosome-associated protein which is restricted to a few bacterial lineages (not including α-proteobacteria). Note that in the chloroplast nomenclature S22 is a different protein (Yamguchi et al. 2000) . We also conducted tBLASTn and BLASTp searches using mitochondrial proteins from Marchantia (Takemura et al. 1992 ) Reclinomonas (Lang et al. 1997 ), human (Koc et al. 2001a , 2001b and yeast (Gan et al. 2002) , the latter two sets being nuclear-encoded. Proteomic data from spinach chloroplast Yamaguchi and Subramanian 2003) were also useful in distinguishing chloroplast homologs from potential mitochondrial ones. In the case of rice, certain ribosomal protein sequences lacked protein databank entries, and tBLASTx searches of EST and nr databanks using Arabidopsis proteins as query enabled identification of putative rice homologs. Alignments of these ribosomal proteins from Arabidopsis, rice, E. coli and human were carried out using CLUSTALW, with adjustments by visual inspection in certain cases. In this way, the junctions between core (ancestral) and non-core (acquired) coding regions were also evaluated.
Intron positions within the coding regions of the ribosomal protein genes were determined by comparisons of mRNA (or EST) data with genomic sequences. In the case of Arabidopsis annotated information was available at NCBI, although some genes were listed as unknown function or were mis-annotated as putative chloroplast ribosomal proteins. Similarly, using the annotated human genome entries for mitochondrial ribosomal proteins (MRP), the positions of introns were compared to those in plant homologs.
The potential mitochondrial targeting properties of the Arabidopsis nuclear-encoded mitochondrial-type ribosomal proteins were assessed using the algorithms Predotar v.1.03 http://www.inra.fr/predotar/ (Small et al. 2004 (Bannai et al. 2002) , with default settings and "plant" being selected as the organism group.
RESULTS AND DISCUSSION

Identification of bacterial-origin mitochondrial-type ribosomal protein genes in
Arabidopsis and rice genomes
To identify candidate genes for plant mitochondrial ribosomal proteins derived from the ancestral α-proteobacterial-type endosymbiont (cf. Esser et al. 2004) , we searched the Arabidopsis and rice nuclear genomes for homologs to the 54 E. coli ribosomal proteins. This was accompanied by comparisons with plant chloroplast proteomic data to eliminate any known chloroplast homologs. Similarly, proteomic data for mitochondrial ribosomes from mammals and yeast were useful in corroborating designation of mitochondrial-specific ones. In addition, it is known from the Arabidopsis and rice mitochondrial genomic sequencing (Unseld et al. 1997; Notsu et al. 2002 ) that 7 and 11 ribosomal proteins respectively, are still encoded within their mitochondria ( Figure 1 ). These data are summarized in Table I. For the 54 E. coli ribosomal proteins, we identified 48 mitochondrial-type counterparts in rice and 46 in Arabidopsis, the difference being due to the presence of S1 and S13 gene orthologs in the mitochondrial genome of rice but in neither the mitochondrial nor nuclear genomes in Arabidopsis. However, a chloroplast-type S13 protein encoded by a divergent duplicated nuclear gene has been demonstrated to be targeted to the mitochondrion in Arabidopsis (Adams et al. 2002b; Mollier et al. 2002) and in an analogous fashion it is possible that one of several S1 chloroplast-origin nuclear genes (cf. (denoted S15a in cytosol nomenclature) in flowering plants (Adams et al. 2002b) . It is possible that the five remaining ones (S20, L25, L31, L34, L35, Figure 2 , grey bars) escaped detection because of sequence divergence or that they are absent from the plant mitoribosome. An alternative possibility for S20, L31, L34 and L35 is that nuclear-encoded chloroplast-type homologs are dual targeted to both compartments. The sole exception is L25 and this protein is also absent from animal/yeast mitoribosomes as well as chloroplast ribosomes.
The "core" bacterial-origin coding regions of these plant mitochondrial-type ribosomal proteins were determined by alignment with E. coli homologs (Supplementary data available upon request) and are shown as black bars in Figure 2 , whereas "non-core" extensions are shown in white. In several cases, the core sequences are slightly shorter than the length of the E. coli protein, but in only two cases do bacterial lengths greatly exceed the mitochondrial ones. The E.
coli L6 protein has an amino-terminal extension of ~80 amino acids relative to the Marchantia and flowering plant mitochondrial counterparts, and the E. coli S1 is approximately 340 amino acids longer than in rice mitochondria, with a long carboxy-terminal extension. Several of the mitochondrial-encoded ribosomal proteins (notably S2, S3, S4 and L2) have extra domains relative to E. coli, and in the case of S2, the mature protein is known to lack the carboxy-terminal extension (Perotta et al. 2002) .
The plant mitochondrial-type ribosomal proteins were divided into four categories designated as A-D (Figure 1 and Table I) in the mitochondrion of rice compared to 7 for Arabidopsis, and for several of them, namely S10, S11 and S14 (Wischman and Schuster 1995; Kubo et al. 2000; Kadowaki et al. 1996; , there is compelling support for independent transfer events having occurred in these two plant lineages ( Figure 1 ).
Intron distribution and density in nuclear-located mitochondrial-type ribosomal protein genes
Using amino acid sequence data in conjunction with genomic and EST information from Arabidopsis and rice, we have determined the positions of introns within ribosomal protein coding regions ( Figure 2 ) and this is summarized in Table I . A total of 109 introns were identified within the coding sequences of the genes for 40 of the 47 different ribosomal protein genes which are located in the nucleus in Arabidopsis and/or rice ( Figure 2A -C, white triangles) as well as two group II-type introns within mitochondrial genes ( Figure 2D , grey triangles).
Notably 7 genes (3 in category A and 4 in category B) contain no introns within the coding regions, although several of these do have an intron within non-translated sequences (cf. Table I To address the question as to whether transferred genes tend to accumulate introns over evolutionary time, we compared the intron density within the core bacterial-origin regions (that is coding sequences which migrated from the mitochondrion rather than being acquired in the nucleus as is the case for non-core coding sequences) of early-transferred genes (category A) with the more recently transferred gene set (category B). Notably in category C, no introns are located within the core regions. Of the 73 core-type introns, the density was 1.7 introns/100 codons for category A compared to a value of 0.8 for category B (Figure 3) . Thus, within the core, the early-transferred genes have about 2-fold higher intron density than those transferred more recently. In contrast, within the non-core coding regions (which include introns close to the junction), intron density is lower and less biased, showing values of 0.7 and 1.0 introns/100 codons, respectively, for the early and more recently transferred gene sets. Incidentally for the non-core regions, there is also a higher number of amino-terminal-located introns than carboxyterminal ones (Figure 2 ).
To extend our investigation of intron gain/loss to a longer evolutionary time period, we compared the plant intron-exon organization with human mitochondrial homologs. Accurate alignment was in some cases difficult because of low amino acid similarity or indels, so we restricted our analysis to those exhibiting strong amino acid conservation immediately flanking the intron position. For this set of 73 introns (omitting genes which have no orthologs in humans), 15 are located at identical positions ( Figure 2 , black stars; Figure 4A ) and an additional 7 are located within 6 nucleotides of each other ( Figure 2 , white stars; Figure 4B ). The latter group show features which have been referred to as "intron sliding" and all but one of them are within the same genes as those having identical intron positions. They represent 11 different ribosomal protein genes, all except one being in category A, consistent with presence in the common ancestor of plants and animals, so dating back over one billion years or so. This set includes the L9 gene which has an extra intron in rice compared to Arabidopsis (Figure 2 , dotted oval), and that intron is located 12 nt away from the position of one in human MRPL9 ( Figure   4C ). Interestingly, in both plants and humans, the L9 gene also has an intron near the aminoterminal core/non-core junction, and the similarity in amino acid sequence ( Figure 4C ) raises the possibility of a shared history.
Typically the human genes have a greater number and much longer introns than their plant counterparts (cf. one example being MRPS6-intron 1 which is 51.6 kb long). In addition, there are numerous examples of alternatively-spliced transcripts for the human ribosomal protein genes, but relatively few for plant ones. Interestingly, one of the Arabidopsis duplicated L14 genes (designated as HLP, Skinner et al. 2001 ) has CAG triplet repeats at the intron 2/exon 3 junction ( Figure 4D , underlined) and alternatively spliced transcripts have been reported.
Moreover, a nonsense mutation in the HLL (HUELLENLOS) coding sequence (CAA to TAA, Figure 4D in black) has been found to be correlated with defective ovule growth and development (Skinner et al. 1996) . None of the chloroplast-type ribosomal protein genes has introns at positions identical to the mitochondrial-origin ones, with the exception of L21 which originated from a duplicated mitochondrial-type L21 gene (Gallois et al. 2001 ). The chloroplasttype genes also have fewer introns, perhaps reflecting their shorter evolutionary history.
Acquisition of mitochondrial targeting signals for nuclear-encoded ribosomal proteins
Because the signals that target nuclear-encoded proteins to the mitochondrion are in many cases located at the amino-terminus, we examined their potential targeting capacity. About 75% of the ribosomal proteins possess amino-terminal extensions relative to their E. coli counterparts, and for the rest, presumably the "native" sequences possess the required features (either at the aminoterminus or elsewhere along the protein) to enable import into the mitochondrion. The lengths of non-core amino-terminal extensions vary markedly among these ribosomal proteins and in several cases they are 2-3 fold longer than the core ribosomal protein region (Figure 2 , white vs. black bars) so may well encode other important information in addition to targeting signals. The long amino-terminal extension of S5 had been postulated to compensate for the absence of S4 and S8 in human mitoribosomes (Koc et al. 2001a) , however, that is brought into question because S4 and S8 counterparts are still present in plant mitoribosomes. In several cases, such as L7/L12, L15, and L32, homology was detected in non-core regions with mitochondrial counterparts from other eukaryotes such as animals and fungi, indicating that these sequences were acquired early in eukaryotic evolution (or perhaps were even present in the ancestral α−proteobacteria).
Since the acquisition of non-core sequences could occur through exon shuffling, we scored cases in which introns are located at the core/non-core junction. In some cases, the precise position of the breakpoint in homology between the bacterial and mitochondrial homologs was difficult to map, and we ranked as potentially coincident if located within 50 bp of the junction.
By these criteria, for 14 of the 50 ribosomal protein gene transfer events (that is, approximately 30%) there is an intron at the core/non-core amino-terminal junction (Figure 2) .
A number of computer algorithms have been developed for predicting the targeting locations of nuclear-encoded proteins, and for plants there is the added complexity (compared to animals or fungi) of distinguishing between routing to the chloroplast and the mitochondrion.
When we subjected our data set to Predotar (Small et al. 2004 ), TargetP (Emanuelsson et al. 2000 and PSort (Bannai et al. 2002) , we observed that while the majority of the ribosomal proteins showed strong prediction for targeting to the mitochondrion (Table I, + symbols) , not all did, and the results for the three programs differed somewhat in certain cases (cf. discussion in Heazlewood et al. 2004) . Among those failing to yield high predictive values for targeting to the mitochondrion are ones for which only chloroplast-origin homologs could be found in the nuclear genome (Table I, 
asterisks).
When we compared the amino-terminal sequences of the Arabidopsis and rice ribosomal proteins in categories A and B (that is, genes transferred prior to divergence of these two plant lineages), we observed a wide variation in the degree of amino acid similarity (Supplementary data available upon request). Certain proteins exhibited high sequence identity within this region (eg. L29, L14) consistent with a common origin, whereas others (eg. L15, L10) appeared unrelated. The latter might reflect divergence due to relatively low constraint at the amino acid level or alternatively, there may have been lineage-specific shuffling events which generated non-homologous targeting sequences. Indeed this is further supported in cases where intron position differs between these two plants within the non-core regions (eg. S18, L19). As sequence data from additional plants become available, it will be of interest to pursue such issues in greater detail.
Duplicated genes for mitochondrial-type ribosomal protein genes and dispersed chromosomal locations in the Arabidopsis nuclear genome
The mitochondrial-type ribosomal protein genes are dispersed in the nuclear genome and their locations on the five Arabidopsis chromosomes are shown in Figure 5 . The closest two ribosomal protein genes in Arabidopsis are L15 and L17 (about 13 kb apart on chromosome 5), however in rice they are on chromosomes 1 and 8. On the other hand, the duplicated L27 genes are in tandem in rice, being separated by only 4.4 kb on chromosome 8, whereas in Arabidopsis they are on separate chromosomes. Among the 48 ribosomal protein genes which are nuclear-located in Arabidopsis and/or rice, eleven are present in multiple copies (ranging from 2 to 4) in one or both plants (Table I) .
For example, there are single copies of S10 and S11 in the nucleus of Arabidopsis, whereas both are present in duplicate copies in rice. The evolutionary history of the rice S11 duplication event which has been characterized in detail (Kadowaki et al. 1996) includes the acquisition of different targeting sequences. Some of the duplicated copies are very similar within the core (eg.
97%-100% for L17, L19, L22, L27) whereas others are quite divergent (eg. 62-74% for S16, L7/L12, L14). All have retained the same intron positions within core sequences, although several differ within untranslated regions (cf. L7/L12 copies, Table I ). The duplicated genes include representatives from categories A-C (Figure 2 , asterisks) in rather similar proportions (namely 6, 3 and 2 cases out of 25, 14 and 8 genes, respectively) so it does not appear that the early-transferred genes have undergone a greater number of duplication events, at least over this evolutionary time period.
CONCLUDING REMARKS
For the vast majority of the 54 proteins present in α-proteobacterial ribosomes, candidate genes for counterparts in plant mitochondrial ribosomes (as represented by Arabidopsis and rice) can be identified in either the nuclear or mitochondrial genome. The latter comprise a relatively small subset reflecting ancestral endosymbiont-type genes still retained in the organelle, with the others having been transferred to the nucleus over evolutionary time. For the remaining bacterialorigin type, it is possible that sequence divergence precluded their detection, however there are nuclear-located chloroplast-origin genes which might have been co-opted to substitute for mitochondrial ones, and indeed there is experimental evidence for this having occurred (Adams et al. 2002b; Mollier et al. 2002) as well as for the recruitment of a cytosol-type homolog (Adams et al. 2002b) . The sole exception is L25 which notably is absent from other organellar ribosomes, such as chloroplast or mammalian mitochondrial ones based on proteomic analysis (Koc et al. 2001b; . Thus plant mitoribosomes appear more bacterial-like than mammalian ones which lack 12 of the 54 proteins found in present-day bacterial ribosomes, including eight (namely S3, S4, S8, S13, S19, L5, L6 and L29) which have been considered "universal" among all life-forms (Lecompte et al. 2002) . Interestingly, of those, all but the L6 and L29 genes are deduced to have been still present within the mitochondrion at the time of the plant-animal lineage split (Figure 1 ). This illustrates different evolutionary pathways that mitochondrial ribosomes have followed in various eukaryotes, and it is worth noting that as in mammals, the plant mitoribosomes are estimated to contain a total of about 80 proteins, due to the acquisition of additional novel ones during eukaryotic evolution. Even though plant mitochondrial ribosomal proteins (and ribosomal RNAs) have retained stronger bacterial-origin features than in mammals, certain relatively recent events within the land plant lineage illustrate plasticity in the make-up of the ribosome. In addition to "native" mitochondrial proteins being replaced by chloroplast (or cytosol) homologs there are reports of lateral transfer of mitochondrial ribosomal protein genes between distantly-related plant species.
About 75% of the nuclear-encoded plant mitochondrial ribosomal proteins have aminoterminal extensions compared to their bacterial orthologs, and some are much longer than typical amino-terminal targeting signals. This raises the possibility that such domains (which also include internal and carboxy-terminal ones) perform extra functions. They might have structural roles (eg. related to the longer rRNAs in plant mitochondria or ribosomal assembly) or regulatory ones (such as translational control analogous to yeast mitochondria, cf. Williams et al. 2004 ). Alternatively they may be involved in extraribosomal functions (Wool 1996) such as RNA level events like editing or splicing. Indeed RNA binding motifs have been identified, for example the RRM domain in Arabidopsis S19 (Sanchez et al. 1996) . It will also be of interest to learn more about not only the function of these extra domains, but also their origin and evolutionary history.
With respect to the gene structure of these nuclear-located genes, their intron/exon organization is for the most part conserved not only among plants (as exemplified by rice and Arabidopsis), but also in some cases with human ribosomal protein counterparts. About 20% of the introns are at identical positions (or approximately 30% if near-identical locations are included) in the human and plant genes, suggesting that they have been present for at least 300 million years. In other studies of intron positions in eukaryotic genes, it has similarly been concluded that about 14% (Fedorov et al. 2002) and about 24% (Rogozin et al. 2003) are at identical positions in plant-animal orthologs. There are more introns within core bacterial-origin regions than in acquired coding extensions, and this appears to increase over evolutionary time based on comparisons of intron density in genes transferred early in eukaryotic evolution with those migrating to the nucleus later on. Only about 30% show support for intron-mediated acquisition of upstream sequences (that is, an exon shuffling model).
Moreover, the complete absence of amino-terminal extensions in a subset of both the early and recent transfer categories, raises questions about the nature of targeting information.
For very recently-transferred genes, it has sometimes been possible to trace the origin of acquired sequences, for example through the recruitment of duplicated sequences from other mitochondrial-targeted genes (reviewed in Adams and Palmer 2003). In addition, there is growing evidence that targeting of mRNAs for translation on the surface of the mitochondrion may be important for protein import (cf. Sylvestre et al. 2003) . Proteomic analysis of plant mitochondrial ribosomes will also undoubtedly yield new insights into the mechanistic and coevolutionary processes that enable the "native" and "acquired" ribosomal components to perform their essential roles in translation. (Small et al. 2004) , TargetP (Emmanuelsson et al. 2000) and PSort (Bannai et al. 2002) with + symbols for mt-predicted (or by "chl" and "other" if not). f Accession numbers given for rice cDNA entries (in parentheses) when protein databank entries unavailable. g Deduced length of rice S1 protein based on our experimental data (T. Hazle and L. Bonen, unpublished) . h Absent from human mitochondrial ribosomes (Koc et al. 2001a (Koc et al. , 2001b Gallois et al. 2001 . r NP_197518 and NP_850857 through alternative splicing of At5g20180. Arabidopsis Rice S1, S2, S3, S4, S7, S12 S13, S19, L2, L5, L16 S3, S4, S7, S12 L2-5', L5, L16 (S1), S2, S10, S11 (S13), S14, S19, L2-3' S10, S11, S14
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B. "Mid-era" transfer C. "Late" transfer S5, S6, S9, S15, S16, S17, S18, (S20) S5 #4  GCA ATG CAG AAG  GCA TAT GAG AAA  At S5 #7  TTG AAT GCG  GTC GAA ACA  Hs S5 #8  GCT TTC AGG AAA  GCA AAG AAC AGA  Hs S5 #11  CTC TCC AGA CAG  GAA ACC  A  F 
CTT CGA GCT G CT GGT TTC TTG ACA At S6 #1 CAC TAT CAG GGA CAA TTG ATG CAG Hs S9 #9 ATG AGA CAA G CT GGA CTA CTT ACT Hs S6 #2 CAC AAC AGA GGC GG
TCT GCA CGT GTG CAA G TG GCA CAA CTC At S18 #4 AGG AAG CAG ACT GGC ATT AGC GCA AAG Hs S15 #5 TCC CTG GAG GCT CGA A TT ATT GCC TTG Hs S18 #6 GCT CCA TAC ACA G GA GTC TGT GTG AAG
CAC AAA AAG GAC AAG CAT TCG At L1 #6 CCA AAC CCC AAA CAA GGT AGT GTG ACC AAG GAT Hs S15 #6
CAT CGA AAG GAC AAA GCC CAC Hs L1 #5 CCA AAG CTT TCT CGA A AT TCC ATT GGC CGT GAC
GAT TTC AGG AAT GTT AGG TTC CTT At L1 #8 CCT GCT GGA TTG AAA AAG A CT TCA AAA TAT GCT Hs S18 #5 GAC TTT AGG AAC GTG AAG CTC TTG Hs L1 #7 CCG CTG AAT TTG G GT CCC TTT GTG GTA CGT GCT
CTT CAT GTG CCA CTT GGA AAG ATG AGC TTT TCT At L4 #6 GCC GCA GAA GGA AAA CTC CTC GTG Hs L1 #6 CTC CAG ACC AAA ATA GCA ACA TTG GAT ATG TCA Hs L4 #6 CTG GCC CAG GAC GAC CTG CAC ATC
TGG CAG CTT GCG AAA CGC CAG CAG GGA ACT CAT TCG ACC AAA At L4 #7 CCA TCA ATA GGG CTA AAT GTT TAC AGC Hs L4 #4 TGG CAG AAG AAC TTC AAG AGA ATT AGC TAT GCC AAG ACC AAG Hs L4 #8 CCG GCT GTT G GC CTA AAT GTG CAC AGC
GAG CAA CGC AAG ATG TAT AAT Hs L9 #3 GAG GAG AAA TTG
CAT ACT GG G TAC ATC GGA Os L9 #1 CTG GAG GTC ATC CTC ACC ACG ACG ATT GAT A AG CTG GGG AAA Hs L13 #3
CAT ACT GG C TAC CCA GGT Hs L9 #2 CTG GAG CTC ATC CTG ACG CAG TCG GTG GAG A AT GTT GGA GTC
AAA CGA GCT TCA CAA ACT GTG TAC CGG GTT ATA CAT GCT GCG Os L9 #2 GAG CAG CGC AAG CTT TAC CAA Hs L22 #5 AAA AAA GGG GCC AAA ATA ATT AAA GAG GTT CTC TTA GAA GCA Hs L9 #3 GAG GAG AAA TTG CTG AGA CAA
CTC CTT GTT G CC GAA GCG TTT GTT GGG Os L9 #3 CAA GAA GAT GAT GAT GCT AAG CAA CAG GAA GAG AAA CTC Hs L22 #6 TTA TAT ATA G CT GAG TCC ACC TCA GGA Hs L9 #4 GGT GAG GCG ACA GTG AAA TTT CTA AAA AGC TGT CGC CTG 
